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Synopsis
The quest for obtaining higher Tc superconductivity led to the discovery of cuprates
about 20 years ago. Since then, they continue to puzzle the scientific community
with their bizarre properties like non-BCS superconductivity, pseudo gap, Fermi
arcs, linear T resistivity etc. Since these materials show unusually high Tc, a novel
mechanism must be at play, possibly, with crucial contributions from strong cor-
relations. The theme of this thesis work is to understand the properties of 2D
strongly correlated systems. The methods developed in this thesis are used to
study the effects of strong correlations on 2D superconducting and metallic sys-
tems. The entire thesis based on the results and findings from the present investi-
gation is organized as follows.
Chapter 1: provides a general introduction to the strongly correlated electron
systems and the fascinating properties displayed by them. The properties of con-
ventional systems are reviewed and the important unique properties of strongly
correlated systems are highlighted by taking the specific example of high temper-
ature superconductivity in cuprates. The importance of strong correlations is em-
phasized and need for development of new experimental and theoretical tools is
motivated.
Chapter 2: gives a detailed account of theoretical tools developed and used in
this thesis work to study strongly correlated 2D systems. A new efficient method
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is developed for optimizing variational wavefunctions.
The first two chapters serve as an overview of experimental and theoretical sce-
nario in the field of strongly correlated 2D systems and aim at motivating impor-
tant problems in the area. The next chapters contain the new findings in this thesis.
Chapter 3: investigates the asymmetry between electron and hole doping in a 2D
Mott insulator and the resulting competition between antiferromagnetism (AFM)
and d-wave superconductivity (SC), using variational Monte Carlo calculations
for projected wave functions. We find that key features of the T=0 phase diagram,
such as critical doping for SC-AFM coexistence and the maximum value of the
SC order parameter, are determined by a single parameter η which characterizes
the topology of the “Fermi surface” at half filling defined by the bare tight-binding
parameters. Our results give insight intowhyAFMwins for electron doping, while
SC is dominant on the hole-doped side. We also suggest using band structure
engineering to control the η parameter for enhancing SC.
Chapter 4: investigates the possibility of phase separation in the t-J model us-
ing local renormalized mean field theory, the method that allows the spatial vari-
ation of various order parameter and thus helps in studying the phase separation.
These studies shows phase separation in the physically relevant parameter range
for cuprates (J/t ≈ 0.3). Also, the composition of the two phases in the phase
separated regime is found to obey the Lever rule.
Chapter 5: studies whether the anisotropy of the properties seen in the “ne-
matic" or the Ising phase of the cuprates can be described on the basis of crystalline
anisotropy alone which is known to exist in YBCO cuprate that has been used to
study such effects. For this, the anistropic tx-ty-J model is studied extensively us-
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ing renormalized mean field theory and variational Monte Carlo techniques. For
finite lattice anisotropy, the symmetry of the state changes from d-wave to “s + d"
mixed symmetry. The d-wave symmetry is very robust against lattice distortion.
We argue in this chapter that the anisotropy seen in the physical properties of the
cuprates can be qualitatively understood on the basis of lattice anisotropy without
explicitly breaking the C4 symmetry by strong correlation effects.
Chapter 6: aims at developing a general unbiased method to study the strongly
correlated systemswith putative singlet ground states. Themethod is tested against
standard known results for tight binding model, Hubbard model and t-J model.
The solution of two particles t-J model is obtained both exactly and with the
method developed, and the results are in excellent agreement. The symmetry of
ground state of two particles problem is s-type. For t-J model with any number of
particles, we find that there are two eigen-states of the t-J model in the singlet sec-
tor, i.e. d-wave superconducting state and a normal state. The condensation energy
which is defined as the difference of the normal state and d-wave superconducting
state energies shows a dome like feature as a function of doping. It goes to zero
at a critical doping of ∼ 0.3 which is the doping at which the superconductivity
dies. A temperature scale is extracted using the maximum value of Ec which is
of the same order of magnitude as the critical temperature Tc. Another problem
studied using this method is the extremely correlated electron liquid (the infinite-
U Hubbard model) and we find that its ground state in the singlet sector is the
projected Fermi surface state (PFS) for all doping. The PFS state is a normal state
with momentum distribution showing jump across the Fermi surface. At small
doping, the momentum distribution jump, Z, momentum distribution outside the
Fermi surface, etc. are very anisotropic (with the symmetry of square lattice). The
approach that is explained in this chapter can describe a state that violates Lut-
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tinger sum rule (LSR). However, we find that the ground state that we obtain for
the extremely correlated electron liquid clearly respects LSR. Using this method,
we also study the stability of the Nagaoka state as a function of doping and next
near neighbor hopping. We find, for nearest neighbor model, that Nagaoka state is
stable till a doping of xc ∼ 0.4, after which the paramagnetic state becomes stable.
However, the stability of the Nagaoka state decreases with a negative t′ value even
at lower dopings.
Chapter 7: discusses the possibility of high Tc superconductivity in graphene.
The Hubbard model is studied using variational Monte Carlo on Honeycomb lat-
tice using the Gutzwiller projected RVB wavefunction. The key findings of this
chapter are as follows. The undoped graphene is not superconducting which is
consistent with experiments. A superconducting state with d + id symmetry is
stable against quantum fluctuations as we dope the system. A superconducting
dome, consistent with the RVB physics, is obtained as a function of doping. A
mean field study of the t-J-U model is done which supports the variational Monte
Carlo results.
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